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NAVIGATOR PERFORMANCE STUDES FOR SPACE NAVIGATION 

USING THE NASA CV-990 RESEARCH AIRCRAFT 

By Richard A. Acken and Donald W. Smith 

Ames Research Center 

Manually operated hand-held sextants  a re  being s tudied a t  Ames Research 
Center t o  determine whether they a re  s u f f i c i e n t l y  accurate for midcourse 
navigation phases of  manned space f l i g h t .  Studies  ca r r i ed  out on the  ground 
have been extended by using the  NASA CV-990 a i r c r a f t  t o  provide s ight ing  con- 
d i t i ons  c lose ly  simulating those i n  spacecraf t  and t o  inves t iga te  f i r t h e r  the  
measurement e r r o r  due t o  lunar  i r radiance.  The r e s u l t s  of approximately 1200 
measurements made during nine f l i g h t s  confirm r e s u l t s  of simulator and ground- 
based s tudies  which ind ica te  t h a t ,  with a hand-held sextant ,  an astronaut can 
be expected t o  make navigat ional  measurements with e r r o r s  having a standard 
deviation of  approximately 210 a r c  seconds. A value f o r  moon i r radiance e f f e c t  
of  approximately 25 a rc  seconds was establ ished f o r  the conditions of the  
experiment using a hand-held sextant.  

INTRODUCTION 

The manually operated hand-held sextant  has provided marine navigators 
with a compact, l ightweight,  e a s i l y  operated instrument f o r  centur ies .  Sex- 
t a n t s  developed f o r  a i r c r a f t  navigators a re  more accurate and provide higher 
operat ional  r e l i a b i l i t y .  Now, i n  the space age, with accuracy, r e l i a b i l i t y ,  
weight, and s i ze  a t  a grea te r  premium than ever before,  a t t en t ion  has again 
been focused on the manually operated hand-held sextant  f o r  navigation i n  
space operations,  during t h e  o r b i t a l ,  rendezvous, and midcourse phases o f  
f l i g h t .  

New sextants  have been developed t o  meet the  increased accuracy and 
r e l i a b i l i t y  requirements i n  the spacecraf t  environment. The performance of 
the  operator-instrument combination has been s tudied a t  Ames Research Center 
i n  a va r i e ty  of ground-based simulators with simulated c e l e s t i a l  t a r g e t s  and 
a ground observatory from which the  angles between ac tua l  s t a r s  and the  moon 
were measured. The simulator s tud ies  have indicated t h a t  a navigator using 
a hand-held sextant  i s  capable of  making navigation measurements with mea- 
surement errors having a standard deviation of  approximately +lo arc  seconds 
with a small  measurement b i a s .  The s tudies  conducted a t  t he  ground observa- 
t o ry  ind ica te  a s imi la r  standard deviat ion of  measurement e r ro r .  However, the  
measurement b i a s  e r r o r s  f o r  the  observatory data  were more var iable .  It was 
thought t h a t  t h i s  v a r i a b i l i t y  was due t o  an i n a b i l i t y  t o  co r rec t ly  compute 
the  atmospheric r e f r ac t ion  correct ions s ince they a re  based on standard 
pressure-temperature lapse  r a t e s  through the atmosphere, and any disturbance 



such as  a temperature inversion, o r  l oca l i zed  heating caused by neighboring 
bui ld ings  o r  ground areas would cause t h e  cor rec t ions  t o  be i n  e r r o r .  I n  
order t o  adequately evaluate the  instrument-operator performance, therefore ,  
it became necessary t o  f i n d  some means by which t h e  computational problems 
associated with atmospheric r e f r a c t i o n  cor rec t ions  could be  circumvented. 
The CV-990 a i r c r a f t  provides the  means s ince  sex tan t  measurements can be made 
a t  high a l t i t u d e  where atmospheric anomalies are minimized. 

Furthermore, i t  i s  necessary to  confirm t h a t  r e s u l t s  s i m i l a r  t o  those 
obtained i n  ground-based simulators and from a ground observatory can be 
obtained from a spacecraf t  i n  f l i g h t .  Through experience gained i n  the  Gem- 
i n i  program, it has become evident t h a t  only a very l imi ted  amount of s igh t ing  
performance data,  which i s  s t a t i s t i c a l ,  can be obtained from a s ing le  space 
f l i g h t .  The NASA CV-990 a i r c r a f t  provides an exce l l en t  opportunity f o r  
obtaining a l a rge  quant i ty  of such data i n  a r e a l i s t i c ,  near-space, opera- 
t i o n a l  environment f o r  b e t t e r  evaluating navigator-instrument e f fec t iveness .  

The objec t ives  of t he  a i r c r a f t  s tud ie s  therefore  were twofold: f i r s t ,  
t o  extend r e s u l t s  of simulator and ground-observatory sex tan t  s igh t ing  s tud ie s  
in to  a near-space environment; and second, t o  a l l e v i a t e  t he  problems asso- 
c i a t e d  with computing atmospheric r e f r a c t i o n  cor rec t ions  when r e a l  c e l e s t i a l  
t a r g e t s  a r e  used, by f l y i n g  a t  high a l t i t u d e s  above those por t ions  of t h e  
atmosphere where l a rge  anomalies can be expected. It w a s  expected t h a t  the  
l a t t e r  would make it poss ib le  t o  inves t iga t e  f u r t h e r  t he  magnitude o f  measure- 
ment e r r o r s  due t o  i r r ad iance  e f f e c t s  such as  those found i n  making s t a r -  
lunar-limb, o r  lunar-limb-lunar-limb measurements s ince  it was an t i c ipa t ed  
t h a t  the  v a r i a b i l i t y  i n  the  measurement b i a s  e r r o r s  would be reduced. 

The advantages of t he  f l y i n g  labora tory  therefore  a re :  ( a )  t he  i n s t r u -  
ment operator i n  the  a i r c r a f t  environment must cope with many problems s i m -  
i l a r  t o  those confronted by a spacecraft  navigator, such as,  a l imited f i e l d  
of view f o r  t a r g e t  i den t i f i ca t ion ,  s igh t ing  through a pressurized window, and 
s ight ing  from a vehicle moving i n  yaw, p i t ch ,  and r o l l ;  (b) making sextant 
measurements from high a l t i t u d e s  g r e a t l y  reduces t h e  e r r o r  i n  computation of 
atmospheric r e f r a c t i o n  which could r e s u l t  from atmospheric anomalies such as  
temperature inversions and loca l ized  heating; ( e )  measuring the  angles betTween 
a c t u a l  c e l e s t i a l  t a r g e t s  from the  ground observatory i s  highly dependent on 
the  weather; s ince  t h e  a i r c r a f t  f l i e s  a t  high a l t i t u d e  above the  weather, 
experiments can be scheduled t o  take  advantage of t he  b e s t  t a r g e t  conditions. 

It should be noted t h a t  i n  order t o  compute the  atmospheric r e f r a c t i o n  
cor rec t ion  with t h e  desired accuracy, t he  a i r c r a f t  pos i t i on  and a l t i t u d e  had 
t o  be known within l e s s  than 1 n a u t i c a l  mile. I n  order t o  obta in  the  a i r -  
c r a f t  pos i t i on  and a l t i t u d e  with t h i s  accuracy, it was necessary t o  use 
radar  t racking  during the s igh t ing  periods. The experimental f l i g h t s  were 
therefore  made over t h e  High Range a t  t he  F l i g h t  Research Center where the  
required radar  tracking was provided. 

Four subjec ts  pa r t i c ipa t ed  i n  t h i s  study, They were engineers working 
i n  r e l a t e d  s tud ie s  a t  Ames Research Center. One of t he  subjects,  the  author 
(Richard A. Acken), was a l so  a cu r ren t ly  r a t ed  A i r  Force navigator. 
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NOTATION 

number of observations i n  a data run 

corrected computed angle, a r c  see 

corrected observed angle, a r c  see 

measurement e r r o r  f o r  one s ight ing  OA-CA, a r c  see 

(algebraic  mean) measurement e r r o r  for one da ta  run, a r c  sec 

average (a lgebra ic  mean) e r r o r  of 
type of t a rge t ,  arc see 

a l l  runs f o r  one subjec t  and one 

standard deviat ion,  9 

average (a lgebra ic  mean) standard 
subject  and one type of t a r g e t ,  

a r c  see 

deviat ion of a l l  runs f o r  one 
a rc  see 

TEST EQUIPMENT 

CV-990 Research Ai rc ra f t  

The CV-990 ( see  f i g .  1) i s  a Convair four-engine j e t  passenger t r anspor t  
with a range of about 3?3OO nau t i ca l  miles, a p r a c t i c a l  operat ing c e i l i n g  of 
about 41,000 f e e t ,  and a u s e f u l  payload of about 20,000 pounds. Spec ia l  view 
por t s ,  power suppl ies ,  and o ther  general  use f a c i l i t i e s  and instrumentation 

. .. .. . . . . . . . . 

A-3'llA7l->lL 

Figure 1.- The NASA CV-YgO research n i r c r : l f t .  
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were i n s t a l l e d .  
spaced along t h e  cabin. 
a l s o  ava i l ab le  (ref. 1 presents  more d e t a i l s ) .  

Converters provide 1 4  kVA of 60 Hz power t o  junction boxes 
Normal 400 Hz a i r c r a f t  power f o r  experimenter use i s  

Ob s e rva t  ion  Por t s  

Thirteen 12 x 14-inch cu touts  w e r e  made i n t o  t h e  l e f t  s ide  of t h e  fuse -  
lage a t  an e leva t ion  of 6 5 O ,  and f i t t e d  wi th  o p t i c a l  q u a l i t y  windows, l inch 
th ick .  
spec ia l ly  se l ec t ed  f o r  minimum bubbles and s t r i a e .  Each surface i s  f l a t  t o  
a m a x i m u m  of 4 f r i n g e s  of sodium l i g h t  per  inch  and i t s  surfaces are p a r a l l e l  
t o  within a m a x i m  of 0.001 inch across t h e  e n t i r e  pane. A l l  panes have 
magnesium f l u o r i d e  a n t i r e f l e c t i o n  coatings on bo th  s ides .  

The observation windows are ground and polished soda-lime p l a t e  g l a s s ,  

The o p t i c a l  g l a s s  w a s  held i n  aluminum frames with si l icone-rubber gas- 
ke ts .  Each window assembly i s  i n s t a l l e d  from the  cabin s ide  of t he  po r t  and 
presses aga ins t  a gasket on the  r e s t r a i n i n g  edge of t he  fuselage skin.  Two 
aluminum shoulders, 3 inches long, a r e  then cinched aga ins t  t h e  ins ide  of  the  
frame. A t  high a l t i t u d e  the  r e s t r a i n i n g  shoulders a re  t ightened and a pos i -  
t i v e ,  leakproof s e a l  i s  produced by the  pressure  d i f f e r e n t i a l  across the  
window. 

P l a s t i c  s a f e t y  windows a r e  mounted on the  in s ide  of t he  observation 
windows. S l id ing  i n  hor izonta l  t racks ,  they a r e  moved out of the  l i n e  of 
s igh t  during the  observation period. I n  t h e  closed pos i t ion ,  t he  s a f e t y  win- 
dows press  t i g h t l y  aga ins t  a gasket s e a l .  
window, the  cabin pressure can be maintained.) 
by t h e  observer only during the  s igh t ing  periods.  

( I n  case of f a i l u r e  of an o p t i c a l  
The s a f e t y  windows were opened 

Because of t he  very low outside temperatures (about -50' C )  a t  operating 
a l t i t u d e s ,  cabin moisture tends t o  condense on the  in s ide  of s ing le  pane w i n -  
dows. A def ros t ing  system keeps the  o p t i c a l  g l a s s  f r e e  of condensation. 
Warm a i r  (about 400 C )  i s  bled from t h e  cabin a i r  conditioner t o  openings 
across the  t Q p  of each po r t  and a manual b u t t e r f l y  valve cont ro ls  the a i r  flow 
across each window. Also, t h e  e x t e r i o r  surface o f  t h e  fuse lage  and each 
window i s  c a r e f u l l y  cleaned and dr ied  j u s t  before each f l i g h t .  

S ight ing  S ta t ions  

Two s igh t ing  s t a t i o n s ,  10 f e e t  apar t ,  were i n s t a l l e d  approximately midway 
i n  the  passenger compartment. 
hold a gimbal-mounted sex tan t .  The s t a t i o n  cons is ted  of a platform t o  e leva te  

The forward s t a t i o n  ( f i g .  2) was  designed t o  
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F i o i r e  2 . -  Ci&ht;.ng s t a t i o n  for gimbal mounted 
s e x t a n t  . Figure 3.-  S i g h t i n g  s t s t i o n  for hand-held 

s e x t n n t .  

the sextant  and observer t o  the  window, a s e a t  adjustable  v e r t i c a l l y  and 
hor iz3nta l ly ,  and a sex tan t  mount adjustable  i n  yaw, p i t ch ,  and roll. The 
a f t  s igh t ing  s t a t i o n  ( f i g .  3 )  was designed f o r  hand-held sex tan t  use.  
consis ted simply of a platform and s e a t  t o  r a i s e  the observer t o  the  l e v e l  
of the  window. 

It 

Both seats were eas i ly  adjustable, and s p e c i f i c a l l y  designed f o r  f l i g h t  
stresses. Each seat w a s  f i t t e d  wi th  a safety b e l t  which the  observers wore 
a t  a l l  times. The platforms w e r e  fas tened  t o  two passenger seat ra i l s  w i t h  
s p e c i a l  clamps. 
during the  high a l t i t u d e  s igh t ing  periods.  

These seats w e r e  not  used f o r  take-off and landing, but only 

5 



-. - -~--~o Timing S ta t ion  
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A timing s t a t i o n  ( f i g .  4) was 
loca ted  between the  s igh t ing  s t a t i o n s .  
It consisted of an e l ec t ron ic  counter, 
a d i g i t a l  clock, and a p r i n t e r  t o  
record t h e  time of observation on 
tape. The t i m e  i n  hours, minutes and 
seconds was c l e a r l y  v i s i b l e  i n  the  
windows of t h e  d i g i t a l  clock. The 
p r i n t e r  was t r iggered  by a button on 
t h e  gimbaled sextant near t he  ad jus t -  

. 

PDlX l  C”””.XD -’ 
ment knob. The time of observation 
with the  hand-held sex tan t  was 
recorded by t h e  da t a  keeper on a 
ve rba l  command a t  t a r g e t  superposi- 
t i on .  The clock was synchronized 
wi th  the  National Bureau of Standards 
rad io  time s i g n a l  ( s t a t i o n  WWV) a f t e r  
take-off on each f l i g h t .  The accu- 
racy was ?1/2 second. 

Sextants 

Two d i f f e r e n t  types of sex tan ts  
were used i n  t h i s  inves t iga t ion .  The 
hand-held sex tan t  w a s  a modified 
space-rated D - 9  sex tan t ,  developed 

ones used on the Gemini f l i g h t s  GT-4 
and GT-7. This sextant weighed 
approximately 6 pounds. The readout 
l e a s t  count was O . O O ~ ~  o r  3.6 a rc  

- - -  by the  A i r  Force and s imi l a r  t o  the  - 
Figure L.- Timing s-cntion. 

see. 
The primary l i n e  of  s igh t  of the  two-line-of-sight instrument can be f i l t e r e d  
by e i t h e r  of  two d i f f e r e n t  n e u t r a l  dens i ty  f i l t e r s .  Only the  more dense 
f i l t e r  with a n e u t r a l  dens i ty  (N.D.) of 2.0 was used during t h i s  study. 
i s  a l i gh ted  r e t i c l e  within the telescope f o r  center ing  the t a r g e t s  i n  the 
f i e l d  of view. Further d e t a i l s  concerning t h i s  sex tan t  can be found i n  
reference 2. 

The D - 9  sex tan t  has a 4.5 power telescope with a 15’ f i e l d  OS view. 

There 

The gimbaled sex tan t  was much l a r g e r  and heavier than the  hand-held 
sextant.  When placed on the  spec ia l ly  designed mount, t h i s  sextant could 
r o t a t e  about i t s  t h r e e  major axes (yaw, p i t ch ,  and r o l l ) .  
s ized  t h a t  t he  gimbaled sex tan t  i s  not a f l i g h t - r a t e d  instrument, nor was it 
intended t o  be. It was used during t h i s  i nves t iga t ion  because i t s  highly 
accurate readout ( t o  1 arc  see l e a s t  count) and f l a t  c a l i b r a t i o n  curve (?l 
a r c  see)  would provide base l ine  data f o r  evaluating navigator performance 
and more accurate da ta  f o r  i nves t iga t ing  the  e f f e c t  of i r rad iance  on measure- 
ment accuracy. This sex tan t  has a 10 power telescope, more than twice the  

It should be empha- 
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magnification of the D-9, with a 5’ f i e l d  of view. 
of  t h i s  instrument can be f i l t e r e d  with any combination of th ree  d i f f e ren t  
densi ty  f i l t e r s .  
of 1.3, was used. 

The primary l i n e  of s igh t  

Only the  most dense f i l t e r ,  with a neu t r a l  densi ty  (N.D.) 

Radar Tracking Range 

The f l i g h t s  were made over the High Range a t  t he  F l igh t  Research Center 
because the  accuracy required f o r  the a i r c r a f t  geographical pos i t ion  and a l t i -  
tude made it necessary t o  use radar  tracking. The High Range i s  a radar  
t racking range i n  Nevada and Cal i forn ia  and i s  operated by NASA t o  t r ack  the  
X - l 5  and other  research a i r c r a f t .  The High Range radar  i s  accurate t o  51500 
f e e t  i n  distance and f400 f e e t  i n  a l t i t u d e  a t  t he  m a x i m  expected distance 
f r o m  the  s ta t ions .  I n  order t o  maintain the  accuracy of the moon para l lax  
correct ion t o  within f l  arc  sec, the geographical pos i t ion  of the  a i r c r a f t  had 
t o  be known t o  within 1 nau t i ca l  mile. A transponder was i n s t a l l e d  on the  
a i r c r a f t  t o  f a c i l i t a t e  i den t i f i ca t ion  and increase the  t racking accuracy. 

TEST PROCEDWS 

Task Description 

The t a sk  i n  t h i s  study was t o  s e l e c t  a primary t a r g e t  through the  sextant  
primary ( f ixed)  l i n e  of  s igh t  and then t o  superimpose upon t h i s  t a rge t ,  a 
known s t a r  seen through the secondary (scanning) l i n e  of s ight .  
time and angle of  t a r g e t  superposit ion were then recorded. When the  moon was 
i n  the  primary l i n e  of s igh t ,  the s t a r  i n  t h e  secondary l i n e  of s igh t  was 
superimposed on e i t h e r  the  neares t  or f a r t h e s t  limb (edge) on the  moon. 
F i l t e r s  were used for the  primary l i n e  of s igh t  t o  decrease the moon’s 
br ightness .  

.The exact 

Although the observed angle between t w o  s t a r s  would not be used i n  space 
f o r  navigation purposes, t h i s  type of t a r g e t  was used i n  t h i s  study because 
it was f e l t  t h a t  t w o  s t a r s  would provide optimum t a r g e t s  f o r  measuring human 
performance. 

The four  pa r t i c ipan t s  worked i n  teams of t w o ;  while one was s ight ing  the  
other  recorded data. After  each pa r t i c ipan t  had made a data run, consis t ing 
of 10 consecutive s ight ings,  the teams changed f r o m  one s ight ing  s t a t i o n  t o  
the  other  and continued t h e  same procedure using a d i f f e ren t  sextant.  

Performance C r i t e r i a  

Sighting performance was evaluated by two d i f f e ren t  c r i t e r i a  : (1) t h e  
measurement b i a s  e r ro r ,  and (2) the standard deviations of measurement e r ro r .  

I n  the  evaluation of the  performance of  the  operator-instrument combi- 
nation, it i s  necessary t o  determine the  magnitude of both the  cons is ten t  

7 



(b i a s )  e r r o r s  and the  random e r r o r s  i n  the  measurement process. 
ment e r ro r ,  E, i s  defined as the  d i f fe rence  between the  corrected observed 
angle, OA, and t h e  cor rec ted  computed angle, CA. 

The measure- 

L u 
‘?1 
L 
0 
0 

- 2 0  

-40 

E = OA - CA 

- Readings taken in a pos i t ive  direct ion 

---- R e a d i n g s  taken in a negat ive  direct ion 

I I I I I I I - 

- 
The measurement e r r o r  averaged over a da ta  run, E, i s  ca lcu la ted  by tak ing  
the  a lgebra ic  average of t he  measurement e r r o r s  for a given data run. The 
standard devia t ion ,  or f o r  a da ta  run i s  

. r  

The computed angle, which w a s  the  c r i t e r i o n  f o r  determining the magnitude 
of t he  measurement e r r o r s ,  w a s  ca lcu la ted  through t h e  use of a d i g i t a l  com- 
puter  program developed a t  Ames f o r  t h i s  purpose. The d i g i t a l  program com- 
putes t h e  angle between two stars or between a s t a r  and a lunar limb or lunar  
landmark, accounting f o r  longi tudina l ,  l a t i t u d i n a l ,  physical  and d iu rna l  
l i b r a t i o n s ,  aber ra t ion ,  atmospheric r e f r ac t ion ,  and pa ra l l ax  as seen from t h e  
a i r c r a f t  a t  va r i ab le  topographical pos i t i ons  and a l t i t u d e s .  

The observed angles were corrected f o r  (1) di f fe rence  i n  index of 
r e f r a c t i o n  of the  environment ins ide  and outs ide  t h e  a i r c r a f t ,  (2)  window 
deviation, (3) sex tan t  ca l ib ra t ion ,  and (4) f i l t e r  b i a s  e r r o r  when a f i l t e r  
was used. 

u 
W 
fn 

2 
0 

20 

0 

Fiwre 5.- H m d - h e l d  s e x t a n l  c:iI i l ir lr t ion curve.  
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The sextant  mechanical deviations and the  f i l t e r  b i a s  e r ro r s  were 
corrected by means of ca l ib ra t ion  curves f o r  t h e  respect ive instrument. These 
ca l ibra t ions  were made with prec ise  laboratory equipment. The accuracy of t he  
t e s t i n g  arrangement was judged t o  be about 53 a r c  sec. The ca l ib ra t ion  curve 
f o r  the hand-held sextant  i s  shown i n  f igu re  5. 

Comstock's equation was used t o  compute the  e f f e c t  o f  atmospheric 
r e f r ac t ion  

where 

r r e f r ac t ion  angle i n  a r c  seconds 

b barometric pressure i n  inches Hg 

T temperature i n  degrees F 

Z zeni th  angle 

This formula, which can be found i n  reference 3, i s  accurate t o  +.1 a rc  sec 
f o r  a Z as  large as  75'. For t h i s  study, t he  atmospheric r e f r ac t ion  was 
qui te  small because o f  the  high a l t i t u d e  of the a i r c r a f t  and s m a l l  zen i th  
angles of the t a r g e t s  chosen. 

The correct ions f o r  e r r o r s  due t o  index of  r e f r ac t ion  difference and 
window deviations,  which a re  caused by bowing due t o  pressure differences 
and window surface f l a t n e s s  and wedge, were computed with a d i g i t a l  computer 
program developed a t  Ames f o r  t h i s  purpose. Actual f l a t n e s s  and wedge m e a -  
surements were made on the  windows used i n  f l i g h t .  These r e s u l t s  plus  the 
ac tua l  pressure difference across the  window, recorded i n  f l i g h t  during the  
s ight ing periods, were f ed  in to  the  computer program which calculated the 
window def lec t ion  due t o  pressure and the  l ine-of-s ight  deviations f o r  t he  
given or ac tua l  angles of incidence and window pos i t ions .  Because o f  the  
thickness of the  windows, the  maximum def lec t ion  was less than 4 x 
This correct ion was the  most d i f f i c u l t  t o  compute because the  window pos i t ions  
of the two sextant  l i n e s  of  s igh t  had t o  be estimated and the normal r o l l i n g  
ac t ion  of the a i r c r a f t  i n  f l i g h t  constant ly  changed the  angles of incidence. 
However, because of  t he  qua l i t y  of the  windows and t h e i r  small def lect ion,  
t he  correct ions were small (ranging from c6 t o  -8 a rc  sec) and it i s  f e l t  
t h a t  the  accuracy i s  within +4 seconds. 

inch. 

Test  Subjects 

The four  subjects  pa r t i c ipa t ing  i n  t h i s  inves t iga t ion  were Ames Research 
Center engineers. Subject 1 w a s  a cur ren t ly  r a t ed  Air Force navigator 
assigned t o  Ames and was t h e  most experienced a t  taking sextant  s ight ings.  
Subjects 2 and 3 had previous experience i n  sextant  s igh t ing  during o ther  
s igh t ing  s tudies  and were fami l ia r  with both sex tan ts  used i n  t h i s  study. 

9 



Subject 4 had no ac tua l  s igh t ing  experience p r i o r  t o  t h i s  invest igat ion,  bu t  
w a s  in t imate ly  famil iar  wi th  the  da ta  recording and da ta  reduct ion procedures. 

Training and Motivation 

All four  subjec ts  were given t r a i n i n g  before  they pa r t i c ipa t ed  i n  the  
t e s t i n g  phase. Although subjec ts  1, 2, and 3 had considerable experience 
using a hand-held sextant ,  they had very l i t t l e  opportuni ty  t o  use the  D-9 
sextant  p r i o r  t o  t h e  t r a i n i n g  phase of t h i s  study. Several  p rac t i ce  sessions 
were held i n  t h e  A m e s  Midcourse Navigation and Guidance Simulator, described 
i n  d e t a i l  i n  reference 4, and two p rac t i ce  sessions were held a t  night  i n  the  
990 a i r c ra f t  while it was parked on the  ground. The f i r s t  two f l i g h t s  were 
considered t r a i n i n g  and equipment checkout f l i g h t s ,  while the  l a s t  seven 
f l i g h t s  were the  t e s t i n g  phase of the  inves t iga t ion .  

An e f f o r t  was made t o  insure  a high degree of motivation i n  the subjec ts .  
All four  subjec ts  pa r t i c ipa t ed  i n  each f l i g h t ,  providing an element of compe- 
t i t i o n .  Each subjec t  was f u l l y  aware of the  purpose and scope of the  study 
and importance of h i s  performance i n  the  i n t e r p r e t a t i o n  of the  experiments. 
This study r e l a t e d  d i r e c t l y  t o  the  work of a l l  f o u r  subjec ts .  Each subjec t  
was l imi ted  t o  a maximum of 10 s ight ings  during each da ta  run and a l t e rna ted  
s ight ing  s t a t i o n s  every cycle t o  minimize f a t igue .  

Test  Conditions 

A t o t a l  of nine f l i g h t s  were made between January and Apr i l  of 1966. 
It was necessary t o  spread the  f l i g h t s  over a four-month per iod because the  
moon's a l t i t u d e  (height  above the horizon) had t o  be wi th in  t h e  window f i e l d  
of view (35' t o  70') and the  moon's azimuth had t o  be such t h a t  the  a i r c r a f t  
could remain within the  radar  coverage while f l y i n g  a t  a 90' angle t o  the 
moon's azimuth. These cons t r a in t s  l e f t  3 t o  5 days ava i lab le  each month f o r  
the  f l i g h t s .  Then opera t iona l  cons t r a in t s  such a s  a i r c r a f t  maintenance prob- 
lems, range a v a i l a b i l i t y ,  p i l o t  a v a i l a b i l i t y ,  and weather conditions (high 
clouds, turbulence,  take-off and landing condi t ions)  had t o  be considered. 
It was poss ib le  t o  use  the f a r  lunar limb as a s igh t ing  t a r g e t  on only two of 
t he  nine f l i g h t s  and, therefore ,  only a l imi ted  quant i ty  of t h i s  type of data  
was obtained. 

The t o t a l  time ava i lab le  f o r  s igh t ing  on t h e  moon was l imited by the  
radar  coverage, the  speed of t h e  a i r c r a f t ,  and t h e  azimuth and a l t i t u d e  of 
t he  moon. The ava i l ab le  i n f l i g h t  s igh t ing  periods,  a i r c r a f t  a l t , i tude and 
age of the moon f o r  each f l i g h t  a r e  shown i n  the  table  below. An e f f o r t  was 
made t o  f l y  as c lose  t o  the  f u l l  moon age as poss ib le  so  t h a t  t he  br ightness  
of the moon would be near ly  constant,  minimizing the  p o s s i b i l i t y  o f  any e f f e c t  
on the  i r rad iance  measurements. 
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Mean error 8 * b o f  hand-held sex tan t  measurements of 

0 o t i - -  --& - - - __  - - _ _  - - --- t he  angles between s t a r - s t a r  t a r g e t s .  
0 These da ta  represent  27 data  runs; each 

0 poin t  i s  the  r e s u l t  of 10 consecutive 
s ight ings ;  t h e  four  p a r t i c i p a n t s  used 

B six d i f f e r e n t  t a r g e t  p a i r s .  The t a r -  
ge t  p a i r s  used f o r  t he  majority of t h e  
da ta  were Betelgeuse and B e l l a t r i x ,  
and p Auriga and Capella. I n  f i g u r e  6 
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- 
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I I t h e  standard deviation i s  f o r  10 con- I I I I I I - 
I 2 3 4 5 6 7 8 9 secut ive  measurement e r r o r s  f o r  each 

Date 

1/13 j66 
2/3/66 
2/7/66 
3/3/66 
3/ 4/66 
3/5/66 
4/2/66 
4/3/66 
4/4/66 

. 

.~ 

Available length of  
s igh t ing  period 

- .  

No Moon 
lh 35m 
lh 25m 
l h  20m 
l h  25m 
lh 25m 
l h  25m 
l h  25m 
l h  4Om 

*Moon age, 
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~ 

--- 
12.8 
179 9 
11.8 
12.8 
13.8 
12.1 
13.1 
14.2 

. .  . ~~~ 

Airc ra f t  
a l t i t u d e ,  f t  

F u l l  moon a t  approximately 14 days. 

RESULTS AND DISCUSSION 

t h a t  run i s  also shown. The dotted 
l i n e  ind ica t e s  t he  mean value f o r  a l l  
data. It should be noted t h a t  a 

Figure 6. - Hsnd-held s e x t a n t ,  measurement 
errors, s t a r / s t a r  t ,lrgets. 



pos i t i ve  measurement e r r o r  ind ica tes  t h a t  t he  measured angle i s  la rger  than 
the  ac tua l  angle, while a negative e r r o r  i nd ica t e s  t he  opposite. The mean 
value of standard deviat ion f o r  these data  runs w a s  +12 a rc  see and var ied 
from 53 t o  +23 a rc  see. 

The range of values f o r  standard deviat ion remains almost constant 
throughout t he  nine f l i g h t s ,  ind ica t ing  t h a t  the  pa r t i c ipan t s  were w e l l -  
t ra ined  with the  sex tan t  p r i o r  t o  t he  f l i g h t s  and t h a t  each had es tab l i shed  
h i s  own l e v e l  o f  prof ic iency.  The mean measurement e r r o r  f o r  a l l  subjects  and 
a l l  runs was +1/2 a rc  see and the  measurement e r r o r  var ied from -29 t o  +22 a r c  
see ( l a  = 214 a r c  see)  desp i te  t he  f a c t  t h a t  t he  measurements were made a t  
high a l t i t u d e  where the atmospheric r e f r ac t ion  correct ions a re  small  and a l so  
the  probabi l i ty  of the  occurrence of atmospheric anomalies i s  l i k e l y  t o  be 
small. If t h e  measurements of subject  1 a re  examined i n  de t a i l ,  it may be 
seen t h a t  the  mean measurement e r r o r  was -4 a rc  see while the  measurement 
e r r o r  varied f r o n  -16 t.0 +4 a rc  see ( 1 ~  = +7 a rc  see)  f o r  the  s i x  f l i g h t s  on 
which data  were taken. For subject  2, the  mean measurement e r ro r  was -2 a rc  
see and the  e r r o r  var ied from -1.7 t o  +20 a rc  see ( l a  = 21.4 arc  see)  f o r  seven 
f l i g h t s .  Similar  behavior i s  exhibi ted by the  data  of t he  other  t w o  subjects .  
Even though there  a re  wide var ia t ions  i n  the  measurement e r r o r  f o r  each sub- 
j e c t  and between subjects ,  t he  standard deviat ions of measurement e r r o r  appear 
t o  be qui te  cons is ten t ,  as previously noted. A s imi la r  anomalous behavior of  
the measurement e r r o r  has been noted previously i n  reference 5 and i s  a t t r i -  
buted t o  the observers "personal equations. I'  Since the data  sample obtained 
during each a i r c r a f t  f l i g h t  was small due t o  t he  shor t  time avai lable  f o r  
taking data,  a d e f i n i t e  assessment of  the  so-cal led "personal equation'' f o r  
each observer was impossible, hence, the source o f  the anomalous var ia t ions  i n  
the measurement e r r o r  f o r  a l l  data  obtained f o r  a l l  t a rge t s  by a l l  subjects  i n  
these experiments i s  undetermined. 

A t y p i c a l  t a r g e t  p a i r  usefu l  f o r  space navigation i s  the  moon ( a  near 
body) and a known s t a r  ( a  f a r  body). 
seen from the  ear th ,  it i s  impossible t o  judge the  center  of the  body accu- 
r a t e ly .  Therefore, i n  t h i s  case and a l l  s imi la r  cases where the near body i s  
large,  a limb o r  landmark on the near body i s  used f o r  a s ight ing t a rge t .  I n  
t h i s  study, t he  lunar  limb was se lec ted  as  t he  near t a r g e t .  

Because of t he  moon's apparent s i z e  as  

The r e s u l t s  of  s igh t ing  on a s t a r  and the  lunar  near limb with the  hand- 
held sextant  a r e  shown i n  f igu re  7 f o r  33 data  runs of 10 s ight ings each. 
(The near limb i s  c loses t  t o  the s t a r  t a r g e t ;  the  f a r  limb i s  f a r t h e s t  from 
the  s t a r  t a rge t . )  A l l  s t a r  t a r g e t s  used i n  combination with the lunar limb 
during t h i s  study were e i t h e r  f i r s t  or second magnitude s t a r s .  Regulus, 
Pollux and Denebola were the  s t a r  t a r g e t s  used f o r  the majority of  the  s t a r -  
limb type measurement s. 

The mean standard deviation f o r  these runs ( f i g .  7) was +l5 arc  see. 
Again, the standard deviations,  as seen i n  f igu re  7, are  almost constant 
throughout the  nine f l i g h t s ,  supporting the conclusion t h a t  the  subjects  were 
well  t ra ined  with the instruments p r i o r  t o  t he  f l i g h t s .  The range of s tan-  
dard deviations was from 56 t o  k24 a rc  see. 
A minus e r r o r  would be expected on the near limb because of the i r radiance 
e f f e c t .  I r rad iance  e f f e c t  i s  defined i n  t h i s  repor t  as  the  apparent 
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enlargement o f  the image of  a b r igh t  
surface against  a darker background. 
The sketch below shows how i r rad iance  
i s  expected t o  influence the  measure- 
ment of the  angle between a s t a r  and 
the lunar limb. 

A s  seen i n  t h i s  sketch, t h e  i r r a -  
diance e f f e c t  would be expected t o  
cause the  observed angle f rom the  s t a r  
t a r g e t  t o  t he  near limb t o  be too small, 
producing a negative measurement e r ror .  
Also, the  observed angle t o  the  f a r  
limb would be too large,  producing a 
pos i t i ve  measurement e r ro r .  

Figure 7 ind ica tes  a tendency f o r  
the  measurement e r ro r s  t o  decrease with 
observer experience. Whether t h i s  i s  
due t o  the  subjects  knowing t h a t  a b i a s  
error due t o  i r radiance ex is ted  and 
began t o  compensate unconsciously, o r  
whether it i s  due t o  some other  e f f e c t  
has not been determined. 

Next, the  f a r  limb was used as the 
primary t a rge t .  Less data  was obtained 
on s t a r - f a r  limb t a r g e t s  because the 
moon age provided an opportunity t o  
use the  f a r  limb f o r  s igh t ing  only on 
t w o  of the  nine f l i g h t s .  The r e s u l t s  
from 7 data  runs of 10 s ight ings each 
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:iith hand-held EexLant. 
using the  hand-held sextant  a re  seen i n  f igu re  8. 
was 213 a rc  see and the mean measurement e r r o r  was t-35.5 see, demonstrating 
t h a t  i r rad iance  produced a pos i t ive  e r r o r  on the  f a r  limb. However, the 
e f f e c t  o f  i r rad iance  appears much l a rge r  on the  f a r  limb, since the magnitude 
of the  average e r r o r  i s  almost twice as la rge  as  on the  near limb. No reason 
for t h i s  apparent inconsistency can be offered a t  t h i s  time. 

The mean standard deviat ion 

A summary of standard deviat ion r e s u l t s  f o r  the  hand-held sextant ,  
p lo t t ed  f o r  each ind iv idua l  subject ,  i s  shown i n  f igu re  9. Values a re  p lo t t ed  
for the  star-star, star-near-l imb, and s ta r - fa r - l imb r e s u l t s .  The degree of 
d i f f i c u l t y  of  measurement f o r  the  t w o  types of t a r g e t  p a i r s  i s  c l e a r l y  shown 
by comparing the  standard deviat ions f o r  s t a r - s t a r  t a r g e t s  with those f o r  
s ta r - lunar  limb t a rge t s .  The star-l imb standard deviations are  cons is ten t ly  
severa l  seconds l a rge r  than the  s t a r - s t a r  r e s u l t s .  
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The measurement e r r o r  r e s u l t s  
for a l l  hand-held sextant s ight ings 
on the  three  types of t a r g e t  p a i r s  
a r e  summarized f o r  each subject  i n  
f igu re  9. The i r radiance e f f e c t  can 
be estimated i n  t w o  ways. 
t he  average o f  the sum of the length  
of t he  near-limb and far-limb ba r s  
should represent  the  i r radiance 
e f f e c t  on a s ing le  limb. The average 
length i s  25.5 a rc  sec; therefore  the  
average i r radiance i s  25.5 a rc  sec 
per  limb. A second choice of  da ta  
f o r  ca lcu la t ing  the i r radiance would 
be t o  use only the  s ight ings obtained 
on the  n in th  f l i g h t  ( f ig s .  7 and 8) 
when the  same s t a r  was used f o r  both 
near- and far-l imb measurements on 
the  same f l i g h t .  These data  y i e l d  
an average i r radiance e f f e c t  o f  23 
arc  sec on each limb which compares 
well  with t h a t  obtained by the pre-  
vious method. 

F i r s t ,  

-20 L I I I I I I I I 
1 2 3 4 5 6 7 8 9  

Flight number Gimb a led  Sextant Re s u l t  s 
Figure 10.- Gimbal mounted s e x h n t ,  

measurement errors, s t , r / s  tar The gimbaled sextant was more 
complex and l e s s  mobile than the  
hand-held sextant ;  as  a r e s u l t ,  the  
subjec ts  made a t o t a l  of  26 fewer 
data  runs during the 9 f l i g h t s .  

targets. 

The following data  were obtained with the  gimbaled sextant  on the  same 
three  types of t a r g e t  pa i r s .  
ge ts  a r e  p lo t t ed  i n  f igu re  10. 
and the  mean e r r o r  was +6.5 a rc  sec. 
23 t o  k10 arc  see, considerably smaller than the range o f  standard deviat ions 
f o r  the hand-held sextant  shown i n  f igure  6. 
i n  f igu re  10 a re  widely sca t t e red  a t  the beginning, becoming more consis tent  
on t h e  l a t e r  f l i g h t s .  

The r e s u l t s  f o r  1 4  da ta  runs on s t a r - s t a r  t a r -  
The mean standard deviat ion was k6.5 arc  sec 

The standard deviation data  range f r o m  

The measurement e r r o r  r e s u l t s  
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F i g u r e  12. - Giinh31 mounted s e x t a n t ,  
meysurement e r r o r s ,  s t a r / fa r  
lunar  1 inill t , i r ge t c .  

The r e s u l t s  from 19 data  runs on s ta r -near  limb t a r g e t s  using the gimbaled 
sextant  are shown i n  figure 11. The mean standard deviat ion f o r  a l l  runs was 
klO.5 a rc  see wi th  a range of +3 t o  k20 arc  sec.  The mean measurement e r r o r  
was -11.5 a r c  see.  The e r r o r  on the near l i m b  would be negative i f  i r rad iance  
a f fec ted  the  measurements. By comparing t h e  da ta  of f i g u r e  11 with t h e  cor re-  
sponding da ta  p l o t t e d  f o r  t he  hand-held sex tan t  i n  f igu re  7, i t  appears t h a t  
t he  advantages i n  magnification and readout accuracy provided by the  gimbaled 
sex tan t  more than o f f s e t  i t s  more complex operat ion.  The gimbaled sex tan t  
data  are much more cons is ten t  than those f o r  t he  hand-held sextant  and a l so  
have smaller mean e r r o r s  and a smaller standard devia.tion of measurement 
e r r o r s  f o r  s ta r -near  l i m b  t a r g e t s .  The r e s u l t s  from 8 da ta  runs on s ta r - fa r  
l i m b  t a r g e t s  wi th  the  gimbaled sextant  a r e  presented i n  f igu re  12. The mean 
standard deviat ion ( f i g .  12)  w a s  f12.5 a r c  see while the  mean measurement 

. 

e r r o r  ( f i g .  12) was +15 a r c  see. 
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: i i  t h  gimb.il moiinted c e x t : m t .  

A summary of the  mean standard 
devia t ion  f o r  each subjec t  using the  
gimbaled sex tan t  i s  shown i n  f igu re  1.3 
f o r  s t a r - s t a r ,  star-near-limb, and 
star-far-l imb r e s u l t s .  This f i g u r e  
and the  hand-held sextant r e s u l t s  of 
f i gu re  9 c o r r e l a t e  qu i t e  well  and the  
da ta  i n  f i g u r e  13 support t he  previous 
conclusions concerning the  r e l a t i v e  
degree of d i f f i c u l t y  of t he  t a r g e t  
p a i r s .  

The mean measurement e r r o r s  f o r  
a l l  s igh t ings  with t h e  gimbaled sex- 
t a n t  on the  th ree  types of t a r g e t  
p a i r s  f o r  each subject ( f i g .  13) a re  
much more cons is ten t  than the  same 
r e s u l t s  f o r  t he  hand-held sextant 
( f i g .  9 ) .  Averaging the lengths of 
the near-limb and far-limb ba r s  i n  
f igu re  1-3 y i e lds  an average i r r a -  
diance e f f e c t  o f  12.5 seconds f o r  
one limb. The da ta  obtained on the 
n in th  f l i g h t  ( f i g s .  11 and 1 2 )  when 
the  subjec ts  made near-limb and f a r -  
limb measurements on the same f l i g h t  
using the  same s t a r  f o r  t he  secon- 
dary t a r g e t ,  show an average i r r a -  
diance e f f e c t  f o r  one limb of 13.5 
a r c  see. The i r rad iance  e f f e c t  f o r  

t he  gimbaled sex tan t  i s  about ha l f  t h e  i r r ad iance  ca lcu la ted  from the  hand- 
held sextant r e s u l t s .  This d i f fe rence  i s  a t t r i b u t e d  pr imar i ly  t o  the  advantage 
of magnification f o r  t he  gimbaled sex tan t  (10 power compared with 4.5 power f o r  
the  hand-held s e x t a n t ) .  

The r e s u l t s  of the  a i r c r a f t  s tud ie s  c o r r e l a t e  wel l  with p a s t  simulator and 
ground observatory s tud ie s  desp i te  t h e  presence of a pressurized window f o r  
t he  a i r c r a f t  s igh t ings .  The standard deviations were s l i g h t l y  higher i n  the  
a i r c r a f t  poss ib ly  because of t he  vehicle motion (v ibra t ion ,  turbulence, yaw, 
p i t ch ,  r o l l ,  e t c . ) .  

Subjects '  Comments 

The following comments on the  u t i l i t y  of t h e  two sextan ts  a r e  pe r t inen t  
t o  understanding the  good measurement performance obtained. 

1. No d i f f i c u l t y  was experienced i n  t a r g e t  i d e n t i f i c a t i o n  through the  
12 x 1 4  inch window. 

2. The hand-held sex tan t  was easy t o  operate and the  angle readout was 
f a s t  and simple. The weight of t h e  sextant presented no f a t i g u e  problems 



over the  10 consecutive s ight ings  on each da ta  run or over the  2 hour s igh t ing  
period. 
c u l t y  i n  t a r g e t  i d e n t i f i c a t i o n ,  acqu i s i t i on  or superposit ion.  

The 4.5 power telescope on t h e  hand-held sex tan t  provided no d i f f i -  

3. The gimbaled sex tan t  was more d i f f i c u l t  t o  use. The readout proce- 
dure was more complicated and lengthy. Target i d e n t i f i c a t i o n  and acqu i s i t i on  
was much more d i f f i c u l t  with the  10 power telescope and the  th ree  gimbals than 
with the  hand-held sex tan t .  However, t h e  subjec ts  had more confidence i n  t h e i r  
decision on t a r g e t  superposit ion because of t h e  g r e a t e r  magnification. 

4. Normal a i r c r a f t  motion i n  f l i g h t  (yaw, p i t ch ,  and roll) provided no 
noticeable d i f f i c u l t y  during t h e  s igh t ing  periods.  However, shor t  periods 
of l i g h t  turbulence experienced on seve ra l  f l i g h t s  made s igh t ing  d i f f i c u l t ,  
e spec ia l ly  wi th  the  gimbaled sextant.  

SUMMARY OF RESULTS 

1. A mean standard deviation of measurement e r r o r  of 512 and lt6.5 a r c  
see was obtained when the  angle between idea l ized  s t a r - s t a r  t a r g e t s  was mea- 
sured with a 4.5~ magnification hand-held sex tan t  and a 1Ox magnification 
gimbaled sex tan t ,  respec t ive ly .  

2. The mean standard deviation of measurement e r r o r  was l t l5  and ?lo 
a rc  see f o r  t h e  hand-held and gimbaled sextants,  respectively,  when the angle 
between a star and t h e  lunar limb (space navigation type t a r g e t s )  was 
measured. 

3. The average lunar i r rad iance  was about 24 a rc  see when determined from 
hand-held sex tan t  da ta  and 13.5 a r c  see when determined from gimbaled sex tan t  
data.  The d i f fe rence  i s  a t t r i b u t e d  pr imar i ly  t o  t h e  advantage of magnification 
f o r  the  gimbaled sex tan t  (la versus 4.5x f o r  t he  hand-held sex tan t )  although 
some e f f e c t  of f i l t e r s  may be present.  

4. The standard devia t ion  of measurement e r r o r s  f o r  the a i r c r a f t  s tud ie s  
c o r r e l a t e  wel l  with p a s t  simulator and ground-observatory s tudies .  The mea- 
surement e r r o r s  f o r  t h e  a i r c r a f t  s tud ie s  vary widely as did the ground obser- 
vatory data.  The source of these va r i a t ions  may represent the "personal 
equation" of each observer. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F ie ld ,  Ca l i f . ,  94035, Nov. 2, 1967 
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